ABSTRACT With an aim to decrease pollution level due to aviation transportation sector, aircraft industries are focusing on more electric aircraft (MEA). The design of MEA is made with an aim to reduce the CO 2 emission, noise pollution, increased comfort level for the passengers, and so on. In this paper, a detailed study of the evolution of the MEA along with the load profile for electrical load is presented. Based on the requirements of the electrical load, a high-energy-density lithium-ion ''Li iron phosphate'' battery is selected, designed, and modeled. The modeling is based on the modified Shepherd curve-fitting model with the addition of the voltage polarization term to have a lower complexity and more proximity with the real battery profile. The phase shifted high power bidirectional dc-dc (PSHPBD) converter is used in the battery energy storage system (BESS) as a battery charger. The modeled Li-ion battery is integrated to the 270-V dc MEA power distribution bus using the optimal harmonic number-based harmonic model of the PSHPBD converter. Since BESS has to provide the transient loads, the fast dynamic response is required for the PSHPBD converter working as the charger in the BESS. A predicted peak current-based fast response control technique is proposed in this paper for the integration of the BESS with an MEA power system architecture. The proposed control structure provides a maximum limit on the coupled inductor current to the predicted peak current value as well as it gives fast transient response desired in the MEA system. INDEX TERMS More electric aircraft, Li-ion battery, battery energy storage system, dc-dc converter, Shepherd model, harmonic model, peak predicted current control.
I. INTRODUCTION
The global traffic in aviation sector is growing at the rate of approximately 7% in the last two years. This growth is in double digit in many developing countries like India [1] . With the growth rate as shown in Fig. 1 , the contribution of aviation transportation in greenhouse gas emission is expected to increase. Therefore, for a sustainable environment, there is a need to develop a more sustainable and fuel efficient aircraft. The researchers and engineers have designed the more electric aircraft (MEA) in which the conventional system powered by the pneumatic and hydraulic sources are replaced by the new systems powered by the electrical sources [2] . The MEA has been developed with an ultimate goal of distribution of electrical power across the airframe. More electrically powered aircraft has many advantages such as less maintenance, low weight, high reliability and passenger comfort. In the past years, many research has been done and many projects has been undertaken, which resulted in the deployment of large number electrical devices in large civil aircrafts by Airbus and Boeing [3] - [6] . Although, many research papers are available in the literature but none of them cover the evolution and load management of the MEA with respect to the design of the energy sources. In this paper, a detail load profile of the MEA is presented so as to understand the requirements of the energy sources and the power converters.
The electrical power requirement in the MEA has grown tremendously and to support it, a high energy density battery energy storage system (BESS) is required. The power distribution architecture of the MEA is shown in Fig. 2 . The BESS consists of a high energy density battery system and a phase shifted high power bidirectional dc-dc (PSHPBD) converter (as a battery charger). The BESS functionality includes the supply of the emergency loads besides the starting of the engine starter generator (ESG), thus making BESS as one of the very important part of the MEA. Therefore, the design of the best battery system along with its modeling holds an important role in the more electrification of an aircraft. In literature, many research are available on the design of battery system for other applications such as for electric vehicles (EVs), the nickel and the lithium based batteries have been widely used [7] , [8] , whereas in renewable energy applications valve regulated lead acid battery [9] , lithium ion battery [10] , sodium sulphur (NaS) battery [11] , etc. are used. However, in literature, there is a gap on the best design and modeling of BESS for MEA, hence in this paper an approach is devised based on the electrical loading profile for the designing of the best BESS in MEA. As already stated that the BESS has two components, battery and PSHPBD converter, hence a modeling approach for both have to be defined and carried out. In literature, the battery modeling is classified into three categories: the equivalent circuit modeling of the battery using voltage sources, capacitors and resistors forming a circuit network [12] , the modeling of the battery based on neural network [13] , and the modeling of the battery based on the simplified electrochemical model [14] . In [15] , advanced sparse Bayesian predictive modeling methodology was employed to monitor state of health (SOH) and remaining useful life was forecasted. Whereas in [16] , the fast charging strategy is formulated as a linear-time-varying model predictive control problem. In [17] , a thermal model for a cylindrical Li-ion battery based on the finite element method is presented and discussed wherein the battery temperature distribution is simulated. In the electrochemical based modeling approach, Shepherd model is mostly used for the analysis of the battery in electric vehicle applications. In [18] , a fractional-order circuit model is adopted to predict battery dynamic behaviors and a general algorithm was applied to estimate lithium-ion battery states. It is reported in literature that generally, highfidelity models have high modelling accuracy but it also has a very heavy computation [19] , thus for a complex system like MEA, modified Shepherd-curve-fitting model is used for the modeling of the Li-ion battery.
Moreover, to understand the system level operation of the power system architecture in MEA, it is imperative to deal with the mathematical model of the components. The motivation of the present work is to develop a system level simulation capability for the MEA system, for which a low complex modeling of the Li-ion battery is reported in this paper. Furthermore, for the system level interaction of the PSHPBD converter and its controller design an optimal harmonic number based modeling is reported here. The optimal harmonic number is the Fourier series equation based modeling which does not include small integration time steps thus making it possible to compute it effectively.
In literature, the PSHPBD converter is modeled using the modeling for rms and average currents [20] and the generalized average modeling approach [21] . But the modeling of the PSHPBD converter based on the comparison of power transfer between analytical model and the Fourier series based harmonic model for the power rating of the MEA system is missing in the literature.
After the design and modeling of the BESS, the next uphill task is to effectively integrate the BESS with the MEA power system architecture. With the integration of the BESS to the main distribution network, a power management strategy can be implemented wherein the electrical generators will supply the load and the BESS will take care of the transient etc. The aforementioned strategy of power management is having a huge potential benefit as it will save the electrical generator from taking extra loads and thus will be efficient in longer run. Since, the BESS has to provide the transient loads, the traditional control strategy like single phase shift control [22] and advanced control strategies like dual phase shift control [23] , triple phase shift control [24] and extended phase shift control [25] may not be able to provide the required transient response in one switching cycle as all these controls have either single or double loop control structure involving the PI regulator. These advanced control techniques also require two or more degree of freedom (variables) and thus are not suitable for the MEA applications as solution of multi variables make the system complex for execution. Moreover, these control techniques may also make the transformers saturate on steeply changing the transformer current for large scale change in the load. Thus, in the presented work, a fast response control technique is proposed which effectively integrates the BESS to the MEA power distribution network. Moreover, the data, design and modeling presented in this paper are for the real parameters of an MEA, hence the presented work will help the engineers/researchers working in the field of the BESS and its integration to the MEA power system architecture to understand the system in a better way.
The rest part of the paper is structured as follows: Section II details the evolution of the MEA, Section III details the design and modeling of the lithium ion battery system. The design and modeling of the PSHPBD converter is presented in section IV. BESS integration to the MEA power system architecture is discussed in section V in which predictive current control technique is given in detail. Section VI concludes the paper.
II. EVOLUTION OF MORE ELECTRIC AIRCRAFT
With the advancement in the area of electro-mechanical actuators, electro-hydrostatic actuators, fault-tolerant electrical power systems, fault-tolerant electric machines and power electronic systems and their use in MEA has resulted in it gaining tremendous benefits over its conventional counterpart. The following benefits are reported in literature for the MEA in comparison to the conventional aircraft [26] , [27] .
• Reduction in the complexity of the aircraft system with the replacement of the engine-bleed system by electric motor-driven pumps. It also reduces the installation cost.
• An increased reliability in the aircraft with the removal of the hydraulic systems. It will also reduce the complexity of the system beside reducing the weight, installation and running cost.
• The accessory gearboxes, power take-off shaft and the engine tower shaft and gears has been eliminated with the use of engine starter/generator (electrical power) in starting for the aero-engine. This has reduced the starting power required for starting engine especially in the cold condition. Moreover, in MEA, the use of bleed air has been eliminated for environmental control system (ECS). In conventional aircraft, the cabin pressure and temperature were regulated by ECSs by tapping bleed air for achieving passenger comfort. Bleed air were tapped from one of the compressor stages of the main engine. But in MEA like Boeing 787, a set of compressors are used for regulating the pressure and temperature in the cabin. This has resulted in the elimination of the air ducts and pneumatic system from the engine. Since a large amount of power is required for regulating the cabin pressure and temperature, hence main generators power generation capacity has to be increased. Beside this, electrical power is also used to start the main engine in the MEA. The pneumatic systems is further eliminated by the electric start of the main engine in the MEA. The above cases are the examples of the transitioning to pure electric systems from various other systems in the MEA. In short, the aerospace industry has been revolutionized with the adoption of the MEA as it has significantly improved the industry with respect to fuel consumption, aircraft-empty weight, overall cost system reliability, reconfigure ability, supportability and maintainability.
With the aforementioned benefits of the MEA, in the first decade of the 21th century engineers worked on the deployment of the MEA in the civil aviation sector. As seen in Fig. 3 the aircraft main generator power capacity is increased to 1 MW level for Boeing-787. Fig. 4 shows the ratio of electrical power per passenger capacity ratio of the civil aircraft in the last 5 decades. For the conventional aircraft, this ratio is around 1-1.5 kW/passenger, whereas for the case of an MEA, this ratio is 3 kW/passenger. Airbus A380 and A350, both have high electrical power requirement as seen in Fig 3, but this high requirement is due to the fact that the number of passengers in both the aircraft are higher. The work presented in this paper details the profile and parameters of Aircraft ''X'' which is proposed to be the more electric version of the aircraft of the capacity of Boeing 717. Table 1 , details seating capacity and distance range details of the civil aircrafts named Boeing 787, Airbus 380, Airbus 350, Boeing 767, Boeing 717 and Aircraft ''X''. Since for the service within the country or within the continent (i.e. interstate/intercity) requires smaller aircraft, Aircraft ''X'' is designed for 100 passengers capacity with a flight distance range of 5000 km (interstate for bigger countries like USA, India, China, Russia etc.).
A. ELECTRICAL LOAD PROFILE OF THE MEA
In this section, the electrical load profile of the Aircraft ''X'' is given in detail so as to understand the requirement of the BESS for the best design criteria. The rating of the auxiliary power unit (APU)/ESG is 50 kVA in the Aircraft ''X'', while the main generator capacity has the power rating of 100 kVA. Since, Aircraft ''X'' uses two engine generators and two main generators, hence the total electrical power rating equals 300 kVA for 100 passengers' aircraft. This makes the electrical power per passenger ratio to be 3, which qualifies it to be an MEA.
1) ELECTRO-MECHANICAL ACTUATORS (EMA)
In an MEA, there are a number of conventional pneumatic and hydraulic based actuators which are replaced by the electro-mechanical (EMA) actuators. The electrical power rating and profile of some of the actuators used for operating aileron, spoiler and rudder are given in this section. EMA generally consists of a high speed electrical machine which is coupled to the mechanical load (gearbox connected to the roller screw or ball). 
a: AILERON OPERATED BY EMA
The dc power requirement of the EMA with respect to the change in position of aileron is shown in Fig. 5 . Depending upon the movement of the surface, the aileron EMA consumes as well as regenerates the electrical power (if regenerative drives are used [28] ). If the surface moves in opposite direction to the force applied, aileron EMA will consume electrical power. Whereas, if the surface moves in the direction of the force applied, aileron EMA will regenerate electrical power. As seen in Fig. 5 , for time t = 0 seconds to 5 seconds, aileron requires a constant 90 W of electrical power also known as ''holding power''. At time t = 5 seconds, the aileron is moved by EMA and the aileron surface position is changed from 0 m to 0.1 m. As the aileron is operated by EMA, hence for the change in position, 3 kW of electrical power is required. After the position is changed from 0 m to 0.1 m (during time t = 5 to 7.42 seconds), the motor speed will become zero and hence the EMA will not require extra power. But for holding the aileron surface at 0.1 m (during time t = 7.42 to 10 seconds), a holding power of 240 W is required. This whole change will occur in 2.42 seconds thus creating a transient disturbance on the power distribution network of the MEA. In the proposed strategy of BESS assisted electrical generator system, BESS can support the additional transient loads due to the operation of aileron EMA whereas generator can be loaded for holding power requirement of the aileron EMA. At time t = 10 seconds, the position is decreased from 0 m to 0.1 m, thus regenerating the electrical power of 2 kW which can be used for charging the BESS. Similarly, for lower change in position, low dc power will be required by the EMA as shown during time t = 25 to 32.42 seconds. Thus, from fig. 5 it can be concluded that the transient electrical power requirement of an aileron operated by the EMA is 3 kW.
b: SPOILER OPERATED BY EMA
In aero-plane, spoilers are used for intentionally reducing the lift component in a controlled way. They are mostly used during the descent and landing phase of the journey. In the MEA, the spoilers are operated by the EMA. Fig. 6 shows the dc power requirement by the EMA for operating spoilers in two different cases. For the extension angle of 0 • -12.5 • , the peak dc power required is 1.7 kW whereas for the extension angle of 12.5 • -25 • , the peak dc power required is 2.5 kW. Moreover, during landing, spoilers are fully deployed (opened by maximum angle of extension) to slow down the plane, thus requiring peak power to the level of 3-4 kW. As seen from Fig. 6 , the electrical profile of the spoiler is highly non-linear in nature which will have a deteriorating effect on the electrical generator system. Thus, in the proposed strategy of BESS assisted electrical generator system, BESS can support the additional transient loads due to the operation of spoiler EMA.
c: RUDDER OPERATED BY EMA
The rudder is used in the aircraft to change the horizontal direction of the plane. Ailerons and rudders are used in conjunction, producing coordinated turns to change the direction of the plane. In the MEA, the rudders are operated by the EMA. Fig. 7 shows the electrical load profile of the EMA required for operating the rudders. When the rudders are opened, it requires a transient electrical power of 3.2 kW for the duration of 2 seconds (in Fig. 7 , during time t = 5 to 7 seconds and t = 25 to 27 seconds). Whereas, when the rudder is closed, it can regenerate electrical power if EMA is operated by the regenerative drive. The regenerated power shown in Fig. 7 is 2.2 kW. Again, in the proposed strategy of BESS assisted electrical generator system, BESS can support the additional transient loads due to the operation of spoiler EMA.
Thus, it can be concluded that for the operation of the EMA in the MEA, the proposed strategy of BESS assisted electrical generator system is necessary so as to share the transient/dynamic power and the steady state power accordingly. The proposed power sharing strategy will improve the power quality and reduce the impact of the transient electrical loads on the generator.
2) ENGINE STARTER GENERATOR (ESG) STARTING PROFILE
With an objective of saving weight and space and to attain a higher efficiency in the MEA system, the MEA are equipped with the engine starter generator systems. ESG systems contain an additional winding which allows it to function as a generator once the engine has attained a self-sustaining speed. MacMinn and Jones have used a high speed switchedreluctance motor (SRM) for starter generator applications. Fig. 8 shows the starting profile (electromagnetic torque and speed characteristics) of the ESG for the proposed Aircraft ''X''. Different modes of control i.e. speed control, torque control and voltage bus control modes for the ESG are also shown in the figure. Fig. 8 shows that the starting time FIGURE 8. ESG starting profile of the MEA. VOLUME 6, 2018 required for the ESG is 27 seconds, the condition when the electromagnetic torque become negative from the positive. The starting power calculated from the figure is 22.5 kW and since the Aircraft ''X'' is a twin engine aircraft hence the total power required from the BESS for starting is 45 kW. In Aircraft ''X'', provision is made to start the ESG by the BESS, hence considering losses in the conductor, power electronic converters etc., the BESS has to be designed for a power rating support of 50 kW. As a matter of safety and following the recommendations given in the literature, the starting time is taken for the worst-case scenario (three attempts to be made for starting). The starting time is taken as 5 minutes in general. Hence the min. energy required by the BESS will be ({50/60}×5 = 4.17 kWh).
3) TRANSIENTS ON 270 V DC BUS
The MIL-STD-704F standards (commonly known as military standard) was released on 12 March 2004 with a purpose to ensure compatibility between the external power system, aircraft electric system and airborne utilization equipment [32] . The military standard (MIL-STD-704F) is for establishing the electrical power requirements at the input terminals of the equipment in the MEA utilizing electrical energy. MIL-STD-704F standardize the transient profile of the 270 V DC bus of the MEA Aircraft ''X'', which is shown in Fig. 9 . As shown in Fig. 9 , there is a 30 V steady-state voltage allowance (250 V-280V). In the case of voltage going below 250 V, it has to be boost up to the level of 250 V within the time limit of 30 milliseconds. Furthermore, if somehow the voltage on the 270 V DC bus exceeds the 280 V limit, then it has to be step down to the level of 280 V within the time limit of 20 milliseconds. This boosting up (by injecting extra power) and step down (by regeneration of power) can be achieved by the BESS employed in the MEA as the power injection and regeneration can be easily supported by the BESS. 
4) EMERGENCY LOAD PROFILE
There are many avionic loads which need to be operated by electrical power after the incorporation of the EMA in the MEA during the emergency period. The electrical loads such as the operation of the flaps, ailerons, rudder, landing gear etc. is necessary for the safe landing of the plane in case of engine and generator failure. There are various control/display board loads operated on 28 V DC bus which need to be supplied with electrical power in the case of emergency. Fig. 10 shows a typical load profile during the emergency operation for Aircraft ''X'. Federal Aviation Administration (FAA) recommends the emergency loading for 30 minutes [29] . As seen in Fig. 10, 10 kVA of electrical load is shown for 30 minutes in the first case whereas in the second case 10 kVA of electrical load is shown for the first 10 minutes and 5kVA of load for the remaining 20 minutes. In case of engine/generator failure, this electrical power has to be supplied by the proposed BESS in the MEA Aircraft ''X''. 
III. LITHIUM ION BATTERY SYSTEM FOR MEA
In section II A, the details of the electrical load profile of the MEA is explained. It is noted that with the implementation of the EMA in the MEA, there is an increase in the number of transient loads on the power distribution DC bus. To supply the electrical loads discussed in the above section during the transient periods it is imperative to design and model the battery system in an effective way. For electric vehicle application, lithium ion batteries are state of the art because it offers high energy density [31] . But for the MEA application the lithium ion batteries are neither explored much in research nor in practice. Boeing 787 and Airbus 350 have used lithium ion battery in the civil segment. 
A. DESIGN AND CONNECTION
In the MEA, safety/reliability and lightweight are the critical factors in designing any components. The high energy density and small size (with high reliability and safe operating behavior) battery system is recommended for implementation in the MEA as in [33] and [34] , it is reported that 1700 and 5400 tons of saving per year in fuel and CO 2 emission respectively is achieved for all air traffic worldwide with 1 kg decrease in the weight of the component in the aircraft. Moreover, with reduced component weight, the chance of increasing the pay load is higher and it is also reported in [35] and [36] that with 1 kg decease in the component weight of the aircraft, there would be an approximate saving of 1000 US $ in lifetime fuel burn cost.
In this section, the design of the battery system is done considering the following requirements of aircraft grade batteries:
• It should be safe (not prone to thermal breakdown) • It should deliver power continuously irrespective of the operating environment.
• It should be light in weight.
• It should be able to supply power for long time (long life).
Figs. 11 (a), (b) and (c) show the spider web diagram of the a) Lead Acid (b) Nickel Metal Hydride (c) Lithium Ferrous Phosphate battery technologies respectively wherein specific power, energy density, self-discharge, cost, thermal runaway and cycle life are plotted on a spider web [31] . The United States Advanced battery Consortium (USABC) has specified certain goals shown in Fig. 11 for the year 2020. It is observed from the spider web that lithium ferrous phosphate ''LiFePO 4 '' (LFP) battery technologies is covering maximum area in the spider web diagram. Moreover, LFP battery chemistry has a higher discharge current handling capability (up to 35 C A discharge current). This motivates to select the LFP battery system in the proposed BESS installation in the MEA Aircraft ''X''. The design (rating) of the LFP battery system is based on the rating of different electrical loads for the battery system given in Table 2 .
State of energy (SOE) = 1− Energy Required
Battery Energy * 100%
(1)
Output Current of Battery = Power Required V battery (3) Fig. 12 shows the proposed connection of the LFP battery system, wherein 5 LFP batteries are connected in series to achieve 128 V. One LFP battery for aircraft grade has the rating of 25.6 V with 45-55 Ah capacity [37] . Thus, one LFP battery is capable of delivering 1280 Watt for 1 hour (50 × 25.60 = 1280 Watt-hour). The proposed connection shown in Fig. 12 can deliver 6400 watt-hour. 50 kW is required for the starting of the ESG and in the worst condition time taken for starting is 5 minutes. The proposed connection of the battery system can deliver 50 kW of power for 5 minutes for starting the ESG. From eqn.
(1), SOE after the start of the ESG is 34.90 % and DOD from eqn. (2) is 65.10 %. The SOE of 34.90 % is deem to be acceptable level after the start of the ESG, as there might be some transient loads which needs to be powered up by the BESS immediately after the ESG starting. Eqn. (3) gives the current required from the battery, which is equal to 390.63 A. The desired current can be achieved with 8 C discharging rate which is feasible as can be seen from Fig. 13 . Fig. 13 shows the nominal voltage achieved is between 100 V to 140 V. This voltage variation of the battery can be corrected by the DC-DC converter (working as a battery charger). Thus, a 6.4 k Watt-hour, 50 k Watt battery system is designed for the MEA Aircraft ''X''.
B. MODELING OF LI-ION BATTERY SYSTEM
Aircraft power system architecture has battery systems, multiple dc-dc converters, multiple dc-ac inverters and similarly many ac-dc rectifiers besides having different electrical machine as loads. System level studies are important to understand the behavior of one system in the presence of other VOLUME 6, 2018 systems. For system level interaction, it is necessary to have modeling based approach so as to avoid the complexities. In this section, the lithium ion battery is modeled. In the electrochemical based modeling approach, Shepherd model is mostly used for the analysis of the battery in electric vehicle applications. The Shepherd model describes the electrochemical behavior of the battery system (lithium ion battery in the presented application) in terms of current and voltage. The battery model in Sim Power system (SPS) in MATLAB R is based on the shepherd model [38] . In this work, modified Shepherd-curve-fitting model is used. The modeling of the battery is shown in Fig. 14 , wherein the voltage polarization term is added in the expression of the battery discharge voltage. With the addition of the voltage polarization term, the effect of the battery SOC can be expressed in a better way on the battery performance. Moreover, in this work a filtered battery current is also used so as to determine the rate of discharge which accounts for the polarization resistance. The equation used in the modeling are given in eqns. (4) to (7).
Where K = constant of polarization (volts/Ah), E 0 = constant battery voltage (in V), i * represents the filtered battery current (A), A b = amplitude of the exponential zone (V), B = inverse of the exponential zone time constant (Ah −1 ), and R b = internal resistance of the battery (in ohms). Q is maximum battery capacity in (ampere-hour) whereas ''it'' is the actual battery charge (in ampere-hours). 
IV. BATTERY CHARGER CIRCUIT [PHASE SHIFTED HIGH POWER BIDIRECTIONAL DC-DC CONVERTER]
A full bridge bi-directional isolated DC-DC converter is required for the integration of the battery system with the main power distribution architecture of the MEA Aircraft ''X''. The bi-directional flow of power is required owing to the requirement of the charging and discharging of the battery with the same converter, which will reduce the size and weight of the system. An isolated converter is required in order to isolate the battery system in case of any fault in the main distribution network of the MEA Aircraft ''X''. As shown in Fig. 2 , BESS is integrated to the main power distribution 270 V DC bus using a phase shifted high power bi-directional DC-DC (PSHPBD) converter. PSHPBD converter shown in Fig. 16 (a) is the preferred topology for the BESS as it offers a bidirectional, isolated, high power
density and efficient power conversion. The PSHPBD topology originally proposed and published in 1991 by De Doncker et al. [39] , has been extensively used in the electric vehicle applications including for the MEA for battery system integration. As stated earlier, the MEA Aircraft ''X'' power system architecture has many components hence for an effective simulation based system level interaction studies will require an effective and less complex modeling of each component. In this section, first the PSHPBD converter is designed with respect to the parameters and requirements of the MEA Aircraft ''X'' and then it is modeled for performing system level interaction with other components.
A. DESIGN OF PSHPBD CONVERTER
The maximum power transfer, output and input voltages are the main specifications deciding the characteristics of the PSHPB DC-DC converter. The requirement of the volumetric size of the PSHPBD converter decides the value of the switching frequency. Fig. 16 (a) shows the schematic of the PSHPBD converter whereas the key operating waveforms of the said converter is shown in Fig. 16 (b) . The transformer turn ratio (1:n) is designed in order to achieve G (ratio of output referred voltage to the battery voltage) equal to 1. In this work, G is calculated to be 1.06 from eqn. (8) .
The duty cycle (d) and coupling inductor (L s ) design is presented in this section. The design of the (d) and (L s ) is done keeping in mind the following things:
• Flow of maximum power between the primary and secondary bridges of the converter.
• ZVS operation of the converter in wide range of load. Fig. 16 (b) shows the inductor current (i L ) waveform wherein lossless component and piecewise linear waveform has been assumed for deriving necessary eqns. In the inductor current
VOLUME 6, 2018 waveform, two positions are marked i.e instant for switching of the primary and secondary bridges are given in eqns. (9) and (10) respectively. Solving eqns. (9) and (10) gives the total power transfer which is represented mathematically in eqn. (11) . Eqn. (11) also gives the normalized power transfer, which helps to design the value of ''d'' for maximum power transfer. The ''d'' is taken as 0.5 for maximum power transfer. A relation between the inductance value of the coupling inductor (L s ) and duty cycle (d) is shown in Fig. 16 (c) in pictorial form. Fig. 16 (c) shows the dependence of coupling inductance (L s ) on the ''duty cycle, d'' and ''output power, P o ''.
The PSHPBD converter switching devices operates in ZVS mode for a particular load region as seen in Fig. 16 (d) . The figure shows that for G = 1, there will be ZVS operation of the converter for the large variation in load. While integrating the battery system with the power distribution network using the PSHPBD converter, the value of G will change depending upon the SOC of the battery. Therefore, this effect has to be taken into consideration while designing an effective PSHPBD converter. The modified expression for the inductor current waveform is given in the eqns. (13) to (15) . The eqns. (9) and (10) are modified by following the condition of ZVS that I pk and I r , both must be positive to achieve ZVS.
From eqn. (15), it is clear that if the ratio (G) is kept at 1, then I pk and I r will always be positive and hence ZVS will be achieved for all the values of ''d''. But when the ratio (G) is not equal to 1 as in the presented work, G = 1.06 for 100 % SOC and G = 1.35 at 35 % SOC, then the calculation of ''d'' is given by eqn. (16) . Fig. 16 (d) is the pictorial representation of the eqn. (16) . As seen in Fig 16 (d) , that if ''d'' is taken as 0.5, then from eqns. (11) and (16), maximum power transfer will be ensured along with ZVS for wider range of load. The coupling inductor value (L s ) is designed from eqns. (12) and (17), as eqn. (17) gives the condition for the stored energy in the output capacitance (parasitic) ''E Cpar. '' and the coupling inductance (E Ls ). Hence, for the presented case of MEA Aircraft ''X'', the duty cycle ''d'' is selected as 0.5 and L s is selected as 8.64 micro henry.
B. OPTIMAL HARMONIC NUMBER BASED MODELING OF PSHPBD CONVERTER
The modeling of the PSHPBD converter is necessary in the modeling of the BESS. For studying the system level behavior and interactions, simulations are required to be done. If PSHPBD converter is simulated with detailed model i.e. using the IGBTs switches available in the SPS block set of the MATLAB R , the simulation will be slow and it will be difficult to analyze the behavior of the BESS. Moreover, an accurate dynamic model is also required for obtaining the optimized/maximized performance and for the design of an effective closed loop control. Hence, in this section Fourier series based harmonic modeling of the PSHPBD converter is presented.
The building block of the Fourier series based harmonic modeling can be explained from Fig. 17 and table 3 . Fig. 17 shows the primary side of the PSHPBD converter from which the values V 1 , V 2 , and V o can be calculated. The truth table 3 can be expressed mathematically as given in eqn. (18) . Eqn. (19) defines the time domain expression for the switching states of each phase leg of the bridge.
Based on eqns. (18) and (19), the equations for the voltage of the primary [V LV (t)] and secondary [V HV (t)] bridges can be defined for the PSHPBD converter.
. Relation between Harmonic number and power difference.
In Fig. 16 (a) , on taking Kirchhoff Voltage Loop (KVL) summation across the converter, eqn. (22) is derived:
Using eqns. (20) and (21) in eqn. (22), it will be modified as
In eqn. (23), the switching functions have binary values (0,1) and this switching function drives state variables (i L , V c ) of the converter which are continuous in time. System/expression like these are classified as mixed mode dynamic system/expression because of the fact that both continuous and discrete time functions are included in the structure [40] . To simplify system like these, switching function is decomposed into its Fourier series components using harmonic modeling approach. Eqn. (24) is derived by applying Fourier transform to the switching square wave.
where; H = 7, h = 1, 2, 3 . . . .
where ω s is the square wave switching frequency (in rad/s) and k is the phase delay between reference phasor and square wave.
In the PSHPBD converter, there are eight (8) switches which forms four (4) sets/pairs, thus eqns. (25)- (28) expresses four switching functions for each leg of the converter.
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In eqns. (25)- (28), expression for Q 1 , Q 3 , Q 5 , Q 7 are given whereas expression for Q 2 , Q 4 , Q 6 , Q 8 can be derived similarly
where, δ is the phase shift between the two bridges
P difference in pu = P analytical − P harmonic model P analytical (31) as these are the complimentary functions of the first four functions expressed here. In the equations, ''H'' is the harmonic number included in the expansion of the Fourier series for switching functions. In this paper, an optimal harmonic number ''H'' is selected for the parameters of the MEA Aircraft ''X''. The optimal harmonic number ''H'' is selected by observing the match between the analytical power transfer equation given in eqn. (29) In table 4 , the values are given for different harmonic numbers (0 to 7). It is to be noted that for the case of MEA Aircraft ''X'', the power transfer between the distribution architecture and the BESS is 50 kW, hence analytical power is 50000 W. For the same parameters, power transfer based on harmonic modeling is also calculated and given in table 4. It is to be observed that the power mismatch reduces as the harmonic number is increased. But, at the same time, a very high harmonic number cannot be taken as in that case the complexity will increase thus increasing the computational time. However, a very low harmonic number cannot be selected owing to the fact that the mismatch with the analytical power will be higher. Thus, very decisively an optimal harmonic number ''H = 7'' has been selected for the presented application. For H = 7, the power mismatch is 0.016 % (negative sign here indicates that the power calculated by the harmonic model will be less than the analytical power). In comparison to harmonic number H = 6, the mismatch for H = 7 is slightly higher but H = 7 is selected as the mismatch is negative (referring Fig. 9 , the margin on the lower side is 20 V and on the higher side it is only 10 V ''250 -280 V stability range for 270 V DC bus''). Fig. 18 shows the relation between harmonic number (H), power calculated and power difference with the analytical power. Finally, the state variables (i L and V c ) are derived using the harmonic modeling method. Eqn. (32) , as shown at the bottom of the next page, gives the expression of the inductor current (i L ) whereas expression for capacitor current (i C ) is given in eqn. (33) , as shown at the bottom of the next page. Using i C , expression for the capacitor (output) voltage is derived (V 0 ) and is given in eqn. (34) , as shown at the bottom of the this page.
To confirm the modeling process, the inductor current predicted by eqn. (32) is matched to the results of the switched simulation in Fig. 19 (a)-(d) . The figure shows that the inclusion of higher harmonics gives a more accurate representation of the AC inductor current waveform. In Fig. 19 (a) , i L for switch model based simulation (S.M.) and for harmonic model expression ''H'' i.e. ''h'' = 0 is shown. It is observed that the values of I pk and I r is not matching in the plot. Fig. 19 (b) shows the i L for harmonic model representation H i.e. ''h'' = 1 and S.M. simulated case. It can be noticed that still, the values of I pk and I r are not matching in the plot. Fig. 19 (c) shows the i L for harmonic model representation H i.e. ''h'' = 7 and S.M. simulated case. It can be noticed from the figure, that the harmonic model waveform and switch model simulated waveform are coinciding and an accurate result is obtained. Fig 19 (d) shows the combined waveform for i L for H.M. ''h'' = 0, 1, 7 and switch model simulated case. Harmonic number ''h'' = 7, is recorded closest/coinciding to the S.M. simulated waveform.
Similarly, Fig. 20 shows the match obtained for the case of capacitor current (i c ), where although the prediction of the harmonic model (for ''h'' = 7) in Fig. 20 (c) (34) is verified in Fig. 21 (a) and (b) by comparing its result to that of the switched simulation. The error between these two waveforms exists when ''h'' = 1 as shown in Fig. 21 (a) whereas it is minimal for the case of ''h'' = 7 as shown in Fig. 3.15 (b). Figs. 19, 20 and 21 verifies the optimal number harmonic model for PSHPBD converter discussed in this section.
Where; 
V. BESS INTEGRATION TO THE MEA 270 V DC ARCHITECTURE USING PREDICTIVE PEAK CURRENT CONTROL TECHNIQUE
In this section, the proposed BESS is integrated with the MEA Aircraft ''X'' 270 V DC power distribution network. A predictive peak current based control technique is proposed for the integration. It is a fast response controller owing to the removal of PI regulator in both i.e. the outer voltage loop as well as in the inner current loop. As shown in Fig. 22 , the outer voltage control loop is replaced by the prediction technique and the inner current control loop is replaced by the comparison of the actual current and the predicted current. With this, the current control loop theoretically has the bandwidth equal to the switching frequency of the PSHPBD converter. The proposed fast response control technique is based on the direct estimation/prediction of the duty cycle ''d'' which is dependent on input voltage, output current, transformer turns ratio, coupled inductance and the switching frequency from eqn. (11) . The duty cycle ''d'' is calculated using quadratic solver approach. The calculated ''d'' is further used in the calculation of the reference current Ir from eqn. (10) which corresponds to the switching of the secondary bridge switches as seen in Fig. 16 (b) and observed from the different cases given in table 5. In the proposed control structure, the primary bridge is supplied (driven) by a fixed 50 % duty ratio signal whereas the secondary bridge is also driven by the fixed 50 % duty ratio signal but with a phase shift. The phase shift value is dependent on the time duration required for the ''i L '' (inductor current) to reach the predefined specified reference value (I r ) current of the inductor. From Fig. 16 (b) , the inductor current has two values of Ir in a cycle i.e. this current instant occurs twice in every cycle thus making the proposed control to operate on cycle by cycle basis. This cycle by cycle operation makes the controller respond to changes in the reference command within a cycle thus making it a fast response controller. Since the ''I r '' has two instants in a cycle (positive and negative) the discussed control technique will produce symmetrical current (dc offset = 0) on the transformer windings which will avoid the saturation of the transformer core. fig. (16.a) }. FIGURE 24. Proposed predicted peak current based fast response control step-response in output voltage and inductor current.
The control structure shown in Fig. 22 , is verified by the simulation. The performance of the proposed predicted peak current based fast response control structure is compared with the state of the art ''conventional'' dual loop control having a PI regulator. The comparative results are captured, presented and discussed here. The output voltage and inductor current response for the case of conventional dual loop controller are shown in Fig. 23 . A high impulse response is observed in the output voltage waveform at the load change point at 0.3s and 0.6s. As observed in Fig. 23 from the transient situation shown for inductor current, the output voltage is regulated after many switching cycles. The settling time shown in Fig. 23 is from 0.6s to 0.63s. In Fig. 24 , the output voltage and the inductor current response for the step change in load is shown for the case of the proposed predicted peak current based fast response control structure. The output voltage is regulated within a cycle (0.6s to 0.6001s) as is evident from the waveform of the inductor current shown in Fig. 24 .
Thus the claim for fast response is verified by the simulation results. Moreover, it is also observed that the average current (dc offset) of the coupling inductor (transformer secondary winding) for the peak current control case is approx. zero (−0.1 A), whereas for the conventional control it is 1.02 A as seen from Fig. 24 and Fig. 23 respectively. There will be zero DC offset in the transformer windings and the DC magnetization will be eliminated thus avoiding the saturation of the transformer core as the average current is zero in the case of predicted peak current based fast response control structure.
VI. CONCLUSION
In this paper, the electrical loads in the MEA has been explained in detail to understand the requirements for the battery energy storage system. Based on the requirements, a 6.4 k Watt-hour, 50 k Watt battery system was designed for the MEA Aircraft ''X''. The designed battery system was modeled and compared with the inbuilt model in MATLAB R with satisfactory results. Similarly, the battery charger was also designed and modeled using an optimal harmonic number (h = 7), showing the relative error of only 0.016% with the analytical results. Finally, the BESS was integrated with the MEA Aircraft ''X'' 270 V DC power distribution architecture using the novel predicted peak current based fast response controller. A better transient response with peak current limited to the predefined value of the inductor peak current has been observed for the case of discussed control technique. The suitability of the proposed control for the MEA with respect to the response time has also been presented. It has also been found out that with the proposed control technique the DC offset current is zero which will avoid the transformer core from saturation, thus increasing the life of the battery charger in particular and the BESS in general.
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